Pre-Feasibility Design and Simulation of Hybrid PV/Fuel Cell Energy System for Application to Desalination Plants Loads  by Touati, Said et al.
Procedia Engineering 33 (2012) 366 – 376
1877-7058 © 2012 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2012.01.1216
Available online at www.sciencedirect.com
Available online at www.sciencedirect.com
Procedia 
Engineering 
          Procedia Engineering  00 (2012) 000–000 
www.elsevier.com/locate/procedia
ISWEE’ 11 
Pre-Feasibility Design and Simulation of Hybrid PV/Fuel Cell 
Energy System for Application to Desalination Plants Loads 
Said Touatia*, Abderrahmane Belkaidb, Rabah Benabida, Khaled Halbaouia And  
Mustapha Chelalia
a
 Department of Electrical Engineering, Nuclear Research Center of Birine, B.P. 180 Ain Oussera, 17200.  Djelfa, Algeria 
bDepartment of thermo hydraulic Engineering,  Nuclear Research Center of Birine, B.P. 180 Ain Oussera, 17200.  Djelfa, Algeria. 
Abstract 
A potential solution for stand-alone power generation is to use a hybrid energy system in parallel with some hydrogen energy 
storage. Renewable energy sources (solar, wind, etc) are attracting more attention as alternative energy sources to conventional 
fossil fuel energy sources. This is being used widely for substitution of oil-produced energy and will help to minimize 
atmospheric degradation. One third of the world population does not have access to clean water sources and most of these people 
are not connected to the electrical grid at the same time. 
In this paper, a hybrid Photovoltaic (PV)-fuel cell generation system employing an electrolyzer for hydrogen generation is 
designed and simulated. The system is applicable for a desalination plant loads. Reverse osmosis (RO) is an electrically driven 
technology characterized by significantly low specific power requirements. In the meantime, coastal arid areas are blessed with 
exceptionally high solar radiation most of the year. Normally, those areas have no access to municipal water network and the 
local power grid.  Thus, the water problem can also be seen as an energy problem since seawater, brackish water or freshwater of 
unknown quality are abundantly available but significant amounts of energy are required in order to make it suitable for drinking. 
Photovoltaic (PV) powered water purification is an opportunity to solve this issue. It can provide potable water and on top, small 
independent minigrids that supply people with electricity, too. 
The proposed configuration, even if it is not entirely autonomous still requires a smaller area of solar panel to operate. By cons, 
there remains the problem of the source of hydrogen. If hydrogen is not produced by electrolysis but by reforming hydrocarbons, 
this means CO2 emissions, with resources that are not inexhaustible. Moreover, 95% of the hydrogen currently produced using 
this method. For a massive use of hydrogen consumption, it will consider new production methods, such as the construction of 
nuclear power plants dedicated to hydrogen production with such high-temperature electrolysis. 
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Nomenclature 
PV  Photovoltaic  
RO   Reverse Osmosis 
MENA  Middle East and North Africa 
Eyear  Energy over one year 
FC  Fuel Cell 
2storage Hη  Efficiency of hydrogen storage 
electrolyserη  Electrolyzer Efficiency 
compressionη  Compression Efficiency 
FCη   Fuel Cell efficiency 
totalE   Total Energy 
consumedE   Consumed Energy 
PVS   Photovoltaic surface 
HX   Hydrogen production rate 
2HE   Stored Hydrogen Energy  
2Hm   Stored Mass of Hydrogen 
2HV   Stored Volume of Hydrogen 
compP   Necessary power to compress Hydrogen 
1. Introduction 
Energy sources renewable (solar, wind, etc.) draw more attention as alternative energy sources with the 
conventional energy sources starting from fossil fuel. It is not only due to the decreasing sources of fuel, but also 
because of environmental pollution and the total problems of heating. Among these sources is the solar energy, 
which is most promising, because the manufacture of the less expensive devices of statement becomes a reality. 
With the greatest penetration of the solar devices of statement, various equipment the antipollution one can be 
actuated like the water purification by the expansion of treatment and electrochemical stop of desert by the water of 
statement pumping with the plantation of tree.  However, the problems of order emerge because of great dissensions 
of power of output of statement under various levels of solar radiation. To overcome this problem, of the power 
stations of statement the other energy sources or storage system such as the hydrogen generator are integrated, the 
storage and the cells of fuel [1,2]. 
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This study relates to the association of photovoltaic solar panels and the combustible battery for a decentralized 
electrical production (p. e.g. a house far away from the electrical communication or desalination plant as in our 
case). These two energy sources clean can be associated with various manners. Three cases are studied in this 
report/ratio: two cases where the installation produces itself of hydrogen, another where it is supplied out of 
hydrogen by an external source [3]. 
The objective is thus to estimate the cost of realization of each configuration, to evaluate the cost of the kilowatt-
hour and to estimate the lifespan of such installations. That thus passes by a dimensioning of each component, 
simulations making it possible to observe the transfers of power and to optimize dimensioning and finally a figuring. 
2. Operation 
The most popular combination is the use of PV with reverse osmosis [4] like it is shown in Figure 1. Indeed, PV 
is considered a proper solution for small applications in sunny areas. For larger units, nuclear energy may be more 
attractive as it does not require anything like much ground to implement the solar panels. 
Fig. 1. Renewable energy-driven desalination processes and energy sources. 
Each square kilometer of land in the Middle East and North Africa (MENA) receives every year an amount of 
solar energy that is equivalent to 1.5 million barrels of crude oil (Fig. 2). Up to now, this tremendous energy 
resource is completely untapped.  
Fig. 2. Annual direct normal solar irradiance in MENA and Southern Europe in kWh/m²/y. 
In the configuration to be studied, the excess of solar energy in priority is used to produce hydrogen. A contrario, 
in the event of under sunning, the combustible battery will provide energy. In the system of energy studied, like it is 
shown in the Fig. 3, the solar Photovoltaic cells provide electricity to the load and the excess of energy produce 
hydrogen by the means of an electrolyser. This hydrogen is used by Fuel cell units to produce energy in absence of 
solar energy (night for example). 
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Fig.  3. Vue schématique du système d'énergie à étudier. 
In Figure 4, we give a model of the load where the peaks of consumption are between 6:00 and 8:00 of the 
morning and the evening.  This load can be the subject of a building (residential or industrial) of an average power 
of 5-10 kW. This study of dimensioning remains the same one if one will owe applied our model to another load. 
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Fig. 4 Hourly demand curve for the plant 
3. System description and sizing 
3.1. PV system 
The power generation system with a PV system has two application types: a local (isolated) type and an 
interconnected (grid connected) type. The isolated type system works independent of other power systems, where 
the load locally consumes the electric power from the PV system. The output power of the PV system, however, 
fluctuates depending on solar insolation and surface temperature. Then a storage system must be used to deliver the 
required power at lower insolation levels and during the night.[5]. 
Since the energy output of a PV system is a function of the PV modules sizes, which are bundled together to 
produce required power, the total area of the modules in the system becomes an important parameter to determine 
the produced energy. 
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Fig. 5 Daily characteristics of local solar radiation intensity. 
Figure 5 shows the levels measured of daily solar radiation during of different season from the year.  In order to 
make the system autonomous, it is required that the solar panel entirely provides necessary energy. If we will base 
on energy necessary over one year of a constant load of 5 kW, we obtain the total energy over one year: 
hkWE year .43800=   (1) 
However the energy provided by the solar panels is not directly consumed. A part of it is stored and the mode of 
storage by hydrogen presents a rather weak output.  If we approximate the total output of storage by hydrogen, we 
reaches a value of 16 %: 
2stockage H electrolyser compression FCη η η η= × ×   (2) 
4,04,02 ×=Hstockageη   (3) 
2 0.16 16%stockage Hη = ≈   (4) 
The efficiency of storage is not being 100 %, it is necessary to increase this surface so as to compensate for the 
losses related to storage by hydrogen. According to the results of simulation, approximately 70 % of the power 
consumption by the load will be delivered by the pile. With respect to the power produced by the solar panels, one 
can evaluate that 30 % of energy will be consumed with an output of 100 % and 70 % with an output of 16 % 
(storage by hydrogen). The total quantity of energy to be produced on 1 year is thus of: 




×+×= 7,0
16,0
13,0consumedEEtotal   (5) 





×+×××= 7,0
16,0
13,0365245000totalE   (6) 
According to the weather data,1m² of panel provides 160 kWh over one year. Entire surface is approximately equal 
to 1200 m ². 
( ) 235351200
160
204800
mSPV ×≈≈≈   (7) 
3.2. Electrolyser 
Generally, the power of the electrolyser must be equal to the power of the solar panels in order to convert all the 
surplus of the solar production into hydrogen. Considering the calculation of the area of panels presented in the 
following paragraph (“solar Power necessary”), the power of the solar panels is of 1.3 kW (100 W/m ²). We can 
estimate the power of the electrolyser at 1.3 kW [6,7]. 
The electrolyser is an Unipolar Stuart cell with high efficiency low maintenance, rugged and reliable cell. Each 
electrode has a single polarity producing either H2   (cathode) or O2   (anode). The electrolyser consists of a number 
371Said Touati et al. / Procedia Engineering 33 (2012) 366 – 3766 Touati et al/ Procedia Engineering 00 (2011) 000–000 
of cells isolated from one another in separate cell compartments. Cell voltage under normal operating conditions are 
in the range of  1.7–1.9 V. Circulation of the electrolyte is facilitated by the H2 and O2 gases rising in the channels 
formed between the respective electrodes and cell separator. The operating temperature of the electrolyzer does not 
exceed 70�C, thus reducing the material constraints. H2 is directly produced at 99.9% purity. Also the current 
efficiency is 100%, and hence the hydrogen production rate [8] is: 
( )smoleIeX eH /.18.5 6−×=   (8) 
Where Ie is the current between electrodes. H2 is stored at 3 bars in a tank to feed the FC at low insolation levels and 
hence supply the required load power. 
3.3. Dimensioning of Fuel cell subsystem. 
The Fuel Cell must have the maximum power of the load in order to be able to only provide for the peaks of 
consumption. While being based on the estimates of consumption (profile of the load), it is necessary for us thus a 
pile of an output capacity of 10 kW electric. That thus led to an installed capacity of 12 kW, if it is considered that 
the auxiliaries (cooling and pressurization of the air) consume 20% of the output capacity; this is generally the case 
for current PEMFC [2,4,6]. 
The PEM uses a polymer membrane as its electrolyte. With such solid polymer electrolyte, electrolyte loss  is not 
an issue with regard to stack life. H2     produced by the electrolyzer is consumed at the anode, yielding electrons at 
the anode and producing H2   ions, which enter the electrolyte. At the cathode, H2 combines with H2 ions to 
produce water, which is rejected from the back of the cathode into the oxidant gas stream as the PEM  operates at 
75C, water produced is carried out of the FC by excess oxidant flow [9]. 
3.4. Hydrogen storage capacity 
To precisely evaluate the share of energy which will be drawn from storage and not directly solar panel, it is 
necessary to make the first coarse dimensioning of the power of the solar panels necessary. We have obtained in the 
precedent section that the Surface of solar Panel is ( ) 235351200
160
204800
mSPV ×≈≈≈
This surface is corrected thereafter according to two data: the total output of storage by hydrogen (electrolyser + 
pile) and the share of energy which is drawn from storage. 
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Figure 6 : Quantité d’énergie stockée sur 1 an 
By carrying out a simulation combining the profile of load studied (figure 2) with this kind of solar panel of a 
surface of 1200 m ², we can observe the evolution of the energy which would be stored during one year (figure 6). 
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By making an analogy with a tank, we can say that from 2000 to 6000 hours, this tank “fills”, and the remainder 
of time (wintry times, beginning and end of the year), it “is emptied”. If we calculate the difference between the 
maximum and the minimum of this curve, we will be able to find which quantity of energy will be stored in order to 
ensure storage between the seasons. On this curve, the minimum is approximately 0 kWh, and the maximum is 350 
kWh. 
By supposing an average output of the system Fuel Cell with auxiliaries equal to 40%, it is necessary to store a 
quantity of energy in the form of hydrogen equal to 875 kWh as following calculus: 
kWhEH 8754,0
0350
FCEfficient 
Min-Max 
2 ≈
−
==   (9) 
It is now necessary to evaluate which volume of hydrogen represents this quantity of energy. For that, we use the 
GCV (Higher Calorific value) of the molecule of di-hydrogene. It represents the energy released during the 
combustion of hydrogen with oxygen by considering the energy devoted to the vaporization of water. The GCV of 
H2 is 142 MJ/kg, or 39,4 kWh/kg. It is necessary to store approximately a mass of 22 kg of di- hydrogen: 
kg
PCS
E
m
H
H
H 224,39
875
2
2
2 ≈==
  (10) 
With 15 °C and under a pressure of 1 atmosphere (1,013 absolute bar), the density of hydrogen is 0,085 kg/m3. This 
quantity of hydrogen occupies a volume of 260 m3: 
32
2 260085,0
22
085,0
m
mV HH ≈==   (11) 
The volume of hydrogen is important: a cube of almost 6.26 meters side! A solution to decrease this volume consists 
in compressing hydrogen but that involves losses: part of the energy produced by the panel must be also used to 
compress. 
3.5. Compression of hydrogen 
If we want to obtain a volume of gas of 1 m3instead of 60 m3, it is necessary to compress gas with a pressure of 
approximately 60 bars as shows it following calculation. 
If one considers the equation of state of perfect gases [8]: 
nRTpV =   (12) 
 p is the pressure (in a Pascal);  
 V is the volume occupied by gas (in cubic meter);  
 N is the quantity of matter, in mole  
 R is the constant of perfect gases 
 R = 8,314 472 J.K-1.mol-1. One has in fact R = NA.kB where NA is the number of Avogadro and KB is 
the Boltzmann constant;  
 T is the absolute temperature (in Kelvin). 
35
.10.8,606001325,1 mPacstenRTpV =×=== (13) 
To divide the volume of origin by 60,8 (to obtain1 m3), a pressure should be exerted: 
barsPa
V
p 6010.8,60
1
10.8,6010.8,60 555
≈===   (14) 
However, the systems of gas compression are often very consumer of energy. The power necessary to compress a 
gas of a pressure of entry EP to a pressure of exit PS is obtained by the relation [10]: 
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







−



=
−
1
1
γ
γ
η e
s
c
pegaz
comp P
PcTq
P
&
  (15) 
Where : 
c
η   : Output of the compressor 
γ   : Isentropic coefficient of gas 
gazq&  : Mass throughput of the gas [kg/s] 
eP   : Pressure of entry of the compressor [atm]
sP  : Pressure of exit of the compressor [atm] 
pc   : Heat capacity of gas [ KkgJ ./ ] 
eT   : Inlet temperature of the gas [K] 
The energy of compression is expressed by the following relation [11]: 
1
01 1e scomp
c e
PV PE Mass
P
γ
γγ
γ η
−  
−  
= × −     
  (16) 
Mass :  Mass gas [kg] 
V0 :  initial specific volume of the gas (11,11 m3/kg for H2). 
The pressures EP and PS are expressed here out of Pa. One can see on the curve below energy necessary to 
compress 22 kg hydrogen with various pressures. 
 
Figure 7 : Energy necessary to compress 22 kg of hydrogen with various pressures 
To obtain this curve, the following values were taken: 
5 3
01, 1, 41, 10 , 11,11 /c eP Pa V m kgη γ= = = =
      (17) 
We can see that necessary energy is rather important, even by supposing an output of the compressor of 1. To 
compress with 60 bars, that will at least use 6 % of the energy contained in hydrogen. 
Another solution consists in using an electrolyser working already under pressure and thus providing already 
hydrogen under a certain pressure[11,12]. 
4. Simulation Results 
Simulation model was developed with an aim of refining dimensioning and of observing the reaction of the system 
from the energy point of view. Simulation was carried out with the tool Matlab/Simulink. While being interested in 
the evolution of the powers over one day of summer one observes the following graph: 
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Figure 8 : Results simulation  of evolution of powers. 
4.1. Stored energy 
If one chooses a surface of 13 m² solar panel as evaluated in dimensioning, one realizes that there is a surplus of 
energy of approximately 160 kWh. 
 
Figure 9 : Energy Evolution stored in H2 form over 1 year. 
This energy will never be used. Its only possible use can be the mobile device supply by recovering the hydrogen 
produced in excess. However this is not taken into account in this study.  
According to the results of simulation, the average output of the pile is of 35 % what less than is envisaged and its 
utilization ratio is very high: 57 %, which represents nearly 5 000 hours per annum.  
4.2. Water production with small RO plants  
Parallel to this, reverse osmosis technology is becoming more popular because of the following advantages:   The 
specific energy requirement is significantly low 3–9.4 kW h/m3 product[13].   The process is electrically driven. As 
a result, it is readily adaptable to powering by solar panels.  
The RO plant is normally operated at ambient temperature, which reduces the headache of scale formation and 
corrosion problems, especially when the pretreatment system is properly designed and kept under control. Again this 
will reduce maintenance cost.  The modular structure of the RO process increases flexibility in building desalination 
plants within a wide range of capacities. 
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Fig. 10. Simplified RO desalination plant flowsheet
A simplified flowsheet for the RO plant is shown in Fig. 10. The plant is a two-stage one where seawater is pumped 
to the pretreatment section by means of the intake pump. Pretreated seawater flows to the high pressure pump where 
its pressure is increased to a value between 55 and 60 bars before it is introduced to the permeators of the first stage. 
The relatively high pressure reject from stage 1 is directed to the energy recovery device and then discharged to the 
outfall. The permeate leaving stage 1 at atmospheric pressure is then pressurized, by a booster pump, to a pressure 
between 15 and 40 bars to be desalinated further in stage 2. Permeate leaving the second stage will have a level of 
TDS below 500 ppm and the reject is discharged into the outfall. 
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Fig. 11. Water produced by both solar and hydrogen energy . 
In the Figure 11, we represent the volume of Water using RO desalination process, obtained by both solar and 
hydrogen energy. If we sum those two energies, we obtain easily the profile load defined in the precedent section. 
5. Conclusion 
Configuration suggested, even if it is not entirely autonomous requires nevertheless a less important surface of 
solar panel to work. On the other hand, there remains the problem of the source out of hydrogen. If hydrogen is not 
produced by electrolysis but by hydrocarbon reforming, that implies CO2 emissions, with inexhaustible resources.  
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Moreover, 95% of hydrogen currently product use this last method. For a massive recourse to the hydrogen 
consumption, it will be necessary to consider new methods of production, such as the construction of nuclear plants 
dedicated to the production of hydrogen with electrolysis high temperature for example. Other ways are currently at 
the stage of research such as for example the photolysis, or the biological production of hydrogen (micro algae, 
bacteria, etc). 
Ecologically, we consider that renewable energies remain a future solution with a slightly higher price than it is 
currently known. Moreover, no single massive solution seems to take shape today: the solutions multi sources must 
be developed. 
Initially, a study on the energy management of the whole of the system can appear very beneficial. The problems 
of management of energy were already tackled for systems multi sources, and this work can contribute very well to 
improve the use of each component intervening in the configurations of this study. Parallel to the management of 
energy, the choice of the converters ensuring the electric connections between the sources and the load will allow 
the concretization of this study. 
The electrolyser can be used to generate H2 during excess of power from PV. The generated H can be stored in a 
tank for lower solar radiation levels or at night Fuel Cell operation.  
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